. A map of the study area, the Aland islands, with ca 1200 km2 of land within an area of 50 by 70 km2. Occupied and empty patches are shown by black and shaded dots, respectively. Small islands were not surveyed, but they do not generally have suitable habitat for M. cinxia. The shaded region in the northern part of the main island includes the subset of 50 patches which we have studied more intensively since 1991 (Hanski et al. 1994) . The grid size is 10x 10 km2. mostly in the northern part of the main island. Both host plants grow on dry meadows of various kinds, which are the potential habitat patches for the butterfly. The meadows are generally well delimited from the surrounding environment. Our observational and experimental knowledge of the butterfly's habitat requirements (Kuussaari et al. 1993 , Hanski et al. 1994 , unpubl.) allows us to reliably identify the meadows which are suitable for breeding by M. cinxia.
Since 1991, we have studied a metapopulation of M. cinxia living in a 50-patch network in the northern part of the main Aland island. In the present paper, we refer to some published (Hanski et al. 1994 ) and some unpublished results obtained from this metapopulation in 1991-93.
In late summer 1993, we surveyed with 20 students the Aland islands within an area of 50 by 70 km2 (Fig. 1) . The aim of the survey was to locate all meadows which are suitable for M. cinxia and which are >25 m2 in area, but additionally many smaller habitat patches (5-25 m2) were also recorded when discovered. The total survey time was 2660 h. Before the field work the students were trained to identify and describe the suitable kinds of meadows. Several attributes of the meadows were recorded, but the present paper only uses information on their areas and spatial locations.
During the survey, and following the description of the habitat patch, the presence and the size of a possible local population was established by counting the number of larval webs in the patch. Though the larval groups are relatively easy to detect because the larvae spin a conspicuous web (Thomas and Simcox 1982) , not all groups were discovered during a relatively rapid survey. We estimate that 35% of the groups were actually discovered, based on a control census by all students of a carefully mapped 2-km2 area. All meadows >0.1 ha and recorded as empty (no larvae) in the main survey were additionally re-surveyed after 1-2 weeks. In the re-survey, 17% of these meadows were found to be occupied, usually by just one larval group. We conclude from these figures that the survey results reflect reasonably accurately the presence of the butterfly on the meadows.
A total of 1502 meadows were recorded, of which 536 were found to be occupied (Fig. 1) . Most local populations were very small, with only 1 or 2 larval groups discovered (Fig. 2) . The average number of larvae per group was 39 (in a sample of 381 groups from 78 meadows), which is a low figure in comparison with our previous results (ca 70 larvae per group in 1991, n=71). The small number of larvae per group, and the small number of groups per population, both reflect the general decline in the density of M. cinxia in 1992-93, which occurred due to two successive unfavourable summers.
We analysed the survey results by dividing the entire study area into 2 x 2 km2 squares, which correspond in size to the movement range of the species (Hanski et al. 1994 ; next section). Our conclusions below about patterns of patch occupancy in these squares are conservative, as any patterns that emerge are observed in spite of the variable influence potentially exerted by populations located outside but in the vicinity of the focal square. We have also analysed the results by dividing the 1502 patches into 126 more naturally delineated, semi-independent patch networks. The results of the two forms of analysis were similar, and we report only the former results in this paper. Analyses based on the squares have the advantage that the size of the region (4 km2) is constant.
Four conditions for metapopulation-level persistence
To demonstrate that the persistence of a species living in a fragmented landscape is due to metapopulation dynamics, as opposed to local dynamics, one should establish the following: (1) that the habitat patches support local breeding populations; (2) that no single population is large enough to ensure long-term survival; (3) that the patches are not too isolated to prevent recolonization; and (4) that local dynamics are sufficiently asynchronous to make simultaneous extinction of all local populations unlikely. Fulfillment of conditions (1) Table 1 . Effects of patch area and density on extinction rate between 1991 and 1993 and on patch occupancy in 1993. nl is the number of occupied patches in the 50-patch network in 1991, of which the percentage given by % went extinct by 1993. Occupancy was calculated for the 4-km2 squares. n2 is the number of squares and P is the mean fraction of occupied patches in a square. In the case of occupancy, patch area is the average patch area in the square. In the case of extinctions, patch density was measured by the number of patches in a 4-km2 square centred around the focal patch. The effects of patch area and density on the probability of extinction were tested with the logistic regression model, logit(extinction) = constant+area+density. Both effects were significant (p =0.016 and 0.024; no significant interaction; deviance = 44.76, df=39, p = 0.24). The effects of average patch area and patch density on occupancy (P) were tested with ANOVAs on ranks, using the 4 patch area and density classes shown in the port to three predictions stemming from metapopulation models and to which we shall now turn.
Effects of patch area and density on patch occupancy
A fundamentally important prediction of all metapopulation models (Levins 1969 , 1970 , Hanski 1991a ) is that the fraction of occupied patches at a stochastic steady state, denoted by P, increases with regional patch density, because increasing patch density facilitates recolonization; and that P increases with average patch area, because larger patches tend to support larger local populations with a smaller risk of extinction. We shall first demonstrate that the premises of these predictions are met by the present system, then test the predictions themselves.
Assumptions
In the intensively studied 50-patch network, we recorded 22 extinctions and 6 colonizations between 1991 and 1993. Extinctions exceeded colonizations apparently because of the general decline in density during this period. The smaller patches tended to have smaller populations of M. cinxia (legend to Fig. 4) , and as expected, the extinction rate was higher in the smaller patches (Table 1) .
With only 6 colonizations between 1991 and 1993, we could not confirm the expected decrease in colonization rate with decreasing patch density (increasing isolation). But the effect of isolation on colonization rate is strongly implied by two other results. First and most obvious, the numbers of migrants originating from a particular meadow decline with increasing distance from the source population (Hanski et al. 1994 ), hence colonization rate must also do so. Second, the extinction rate increased with decreasing patch density (Table 1) (Fig. 4) and are hence expected to have a higher risk of extinction.
Test of model predictions
The effects of average patch area and patch density on patch occupancy (P) were analysed using the 4-km2 squares as replicates. Both effects were statistically highly significant (Table 1 ).
Two other model predictions
The core-satellite hypothesis Metapopulation models incorporating the rescue effect predict that, for a range of parameter values, the distribution of the patch occupancy frequency P is bimodal (Hanski 1982a , 1991a , Hanski and Gyllenberg 1993 . Previous tests of the bimodal core-satellite distribution have used data from multispecies assemblages, which creates problems of interpretation, and the previous studies mostly deal with inappropriate spatial scales (Hanski 1982a species of butterflies, at an appropriate spatial scale, but the number of patch networks (and hence P values) in his study was very small. The bimodal core-satellite distribution of P values is generated by the rescue effect, which we have demonstrated to operate in M. cinxia (Table 1) . Additional support for the rescue effect is provided by a positive relationship between average size of local populations and the number of local populations in the 4-km2 squares (Fig. 4) . Of the four recognized explanations of positive abundance-distribution relationships (Hanski 1991a,  Hanski et al. 1993, Lawton 1993, Nee et al. 1991) , of which Fig. 4 is an example, all other explanations apart from metapopulation dynamics with rescue effect (Hanski 1991a) can be excluded in this case for the following reasons. First, the hypothesis of ecological specialization (Brown 1984) is not applicable because our study deals with only one species. Second, the hypothesis of varying average carrying capacity of patches (Nee et al. 1991 , see also Hanski 1991b) among the squares can be excluded, because there was only a weak or no effect of average patch area on average population size (Fig. 4) . And third, the hypothesis that the abundance-distribution relationship is a sampling artefact (Wright 1991) can be excluded, because our results are based on nearly complete population counts. In summary, the assumptions of the core-satellite hypothesis (Hanski 1982a ) are met.
We tested the core-satellite hypothesis with the P values calculated for the 4-km2 squares, which correspond in size to the spatial scale of movements of the butterfly (previous section). As predicted, the distribution of the P values in the 4-km2 squares is distinctly bimodal (Fig. 5) . 
1~~~~~~~~~~~
A quantitative incidence function model Hanski (1994a, b) has recently described a new approach to modelling of metapopulation dynamics with a generalized incidence function, which allows one to make quantitative predictions about patch occupancy in particular patch networks. The model is described in detail by Hanski (1994a) , who also reports parameter estimates for M. cinxia, estimated from the intensively studied 50-patch network in the northern part of the main Aland island in 1991. We used the incidence function model to predict the P values in 4 x 4 km2 squares, instead of the 2x2 km2 squares, to have a larger number of patches per square and thereby more reliable P values. Furthermore, to include the metapopulation dynamic effect of patches surrounding the 4 x 4 km2 squares, the model was actually iterated for patches in 6 x 6 km2 squares, though the result was recorded for the inner 4 x 4 km2 square only. Model iterations were started with all patches occupied, and the results were obtained from generation 100, when the metapopulation had practically reached a stochastic steady state.
The incidence function model predicted with substantial success the P values in the northern part of the main Aland island (Fig. 6) , around the 50-patch network from which the parameter values had been estimated. In contrast, a non-dynamic logistic regression model, which predicts occupancy on the basis of patch areas only, generated entirely unsuccessful predictions (Fig. 6) .
The good news thus is that the model successfully predicted patch occupancy in the part of the study area from which the parameter values had been estimated in 1991. The bad news is that the model failed to predict patch occupancy in the southern parts of the Aland islands. This failure may be due to some environmental differences between the different parts of the Aland islands. For instance, the habitat patches in the northern part of the main island have both larval host plants, Plantago lanceolata and Veronica spicata, whereas only P. lanceolata occurs elsewhere. Alternatively, patch occupancy may not be very close to a stochastic steady state, and possibly metapopulations in different parts of the Aland islands have been perturbed at different times and to different directions. A more thorough analysis of these questions is in preparation (Hanski, Moilanen, Pakkala and Kuussaari unpubl.), but to resolve these issues conclusively may be impossible without data for several years.
Discussion
Our results demonstrate beyond any reasonable doubt that the long-term persistence of Melitaea cinxia in Finland is based on a balance between stochastic local extinctions and recolonizations. All local populations are so small that they have a substantial risk of extinction, and long-term survival is possible only in networks of habitat patches, in which the local dynamics are sufficiently asynchronous to make simultaneous extinction of all local populations unlikely.
This sort of situation appears not to be exceptional in butterflies. Warren (1992) Thomas (1994) and Hanski and Thomas (1994) review other data on British butterflies indicating the extinction-proneness of isolated populations, but also the persistence of butterflies in networks of favourable habitat patches. The clear message from these studies is that local populations of butterflies are not safe from extinction, not even on managed reserves, and not even for the modest period of 20 years. We suspect that similar conclusions will also apply to many other specialist, rare and endangered species, of which much less is known than about butterflies.
We found for Melitaea cinxia that the fraction of occupied habitat patches declines with decreasing patch area and with decreasing patch density, in agreement with model predictions (Levins 1969, Hanski 1991a, b) . To our knowledge, this is the first study based on a comparison of many conspecific metapopulations to confirm these predictions. The extinction of M. cinxia from mainland Finland in the 1970s (Marttila et al. 1990 ) is most likely related to the decreasing density of suitable meadows on mainland Finland during the past decades (Palkas 1993) . Fortunately, dry meadows are still common on the Aland islands, where farmers have largely maintained their traditional land use practices.
The limited success of the quantitative incidence function model in predicting patch occupancy is both encouraging and sobering. We are clearly a long way from being able to predict the consequences of habitat fragmentation for the persistence of species in quantitative terms. One particularly worrying aspect is that the model predictions assume a stochastic steady state, which the real metapopulations in changing landscapes may never have time to reach (Hanski 1994c (Hanski , 1995 . Qualitatively correct predictions may be the best we can achieve, but even such predictions can be valuable for conservation biology, where the question often is to select the best option out of two or more alternatives.
